In the United States and Europe, at present 91% and 78% (ref. 1) of the total electricity is produced by thermoelectric (nuclear and fossil-fuelled) power plants, which directly depend on the availability and temperature of water resources for cooling. During recent warm, dry summers several thermoelectric power plants in Europe and the southeastern United States were forced to reduce production owing to cooling-water scarcity [2] [3] [4] . Here we show that thermoelectric power in Europe and the United States is vulnerable to climate change owing to the combined impacts of lower summer river flows and higher river water temperatures. Using a physically based hydrological and water temperature modelling framework in combination with an electricity production model, we show a summer average decrease in capacity of power plants of 6.3-19% in Europe and 4.4-16% in the United States depending on cooling system type and climate scenario for 2031-2060. In addition, probabilities of extreme (>90%) reductions in thermoelectric power production will on average increase by a factor of three. Considering the increase in future electricity demand, there is a strong need for improved climate adaptation strategies in the thermoelectric power sector to assure future energy security.
between environmental standards of receiving waters and economic consequences of reduced electricity production. Owing to the long lifetime of thermoelectric power plants and magnitude of investments, it is important for the electricity sector to have realistic projections of both water availability and water temperature to be able to anticipate and adapt to changes in cooling-water availability. Although several previous large-scale modelling assessments have been made that evaluate the impact of climate change on freshwater availability on continental and global scales [10] [11] [12] , most of these studies focus on monthly or annual mean estimates of river flow, and ignore changes in water temperature. Shorter-term (for example, daily) estimates are required to address impacts on aquatic ecosystems and water users, such as thermoelectric power.
We used a physically based hydrological and water temperature modelling framework (Supplementary Section S1) to produce a multi-model ensemble of daily river flow and water temperature projections for Europe and the US over the twenty-first century. We evaluated the modelling estimates using observed daily river flow and water temperatures, which showed an overall realistic representation of observed conditions for the historical period 1971-2000 (Supplementary Section S2 and Figs S2-S5). We then produced daily simulations of river flow and water temperature for the periods 1971-2000 (control), 2031-2060 (2040s) and 2071-2100 (2080s) by forcing the coupled hydrological-water temperature model with biascorrected 13 global climate model (GCM) outputs for both the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) A2 and B1 global emissions scenarios 14 (Supplementary Section S3). The A2 scenario considers a world of fragmented and slow technological change, whereas the B1 scenario assumes environmental sustainability and a much more rapid introduction of renewables 14 . Both SRES A2 and B1 were selected, because they represent contrasting storylines and indicate the largest range from the four IPCC SRES main emissions scenarios.
On the basis of the daily river flow simulations for six GCM experiments, we calculated spatial patterns of relative changes in low flows for the future periods relative to the control period. To account for uncertainty in GCM output, we present the changes in the ensemble mean daily flow for both the SRES A2 and B1 emissions scenarios relative to the ensemble mean control simulations of the three selected GCMs. We focused our analyses on the mainland US (excluding Alaska) and the European continent (excluding the Ural region and northern islands). Overall, a decrease in low flows (10th percentile of daily distribution) for Europe (except Scandinavia) is projected with an average decrease of 13-15% (16-23%) for the B1-A2 scenario for the 2040s (2080s; Fig. 1a ). For the US, a decrease in low flows of 4-12% (15-19%) is simulated with the largest changes in the southern and southeastern states. Along with decreases in the 10th percentile of daily river flow, the probability of flows below a given threshold will increase substantially (Fig. 1b) .
As for river flow, we calculated changes in daily water temperature for the 2040s and 2080s. The overall projected increase in mean summer (21 June-20 September) water temperatures is 0.7-0.9 (1.4-2.4
• C) for the US and 0.8-1.0 (1.4-2.3)
• C for Europe for the B1-A2 scenario for the 2040s (2080s). This is on average 0.2
• C higher than the mean annual water temperature increase (Fig. 2a) . Probability distributions of daily water temperature (Fig. 2c) indicate larger increases in the high water temperature range than in mean values (see, for example, the Danube River for which the basin average increase in 95th percentile water temperature is 0.7
• C higher than in mean water temperature for the 2080s). In the US, the largest water temperature increases are projected for the southern part of the Mississippi Basin and along the east coast. In Europe, projected water temperature increases are highest in the southwestern and southeastern parts.
For cooling-water use, the combination of decreases in low river flows and increases in (especially high) water temperature is problematic. We used daily water temperature projections to calculate the mean number of days per year that water temperature is predicted to exceed the inlet limits of river water for cooling water use of 23
• C (Europe) 15 and 27
• C (US, derived on the basis of regulations for different states; Supplementary Section S4). The increase in the number of days per year with water temperature exceeding 23
• C is generally highest for southern Europe (median of 44-48 (59-82) days per year for B1-A2 scenario for the 2040s (2080s) relative to 23 days for 1971-2000; Fig. 2b ). The same magnitude of increase in number of days with water temperatures exceeding 27
• C is found for the south and southeastern US. Combined with projected decreases in low river flows of more than 25% in these regions, cooling-water problems are expected to be exacerbated substantially in the future.
To quantify climate change impacts on usable capacity of existing thermoelectric power plants, we used daily water temperature and river flow projections in combination with powerplant-specific data of cooling system, efficiency and environmental restrictions for 61 power plants in the US and 35 in Europe. In the US, we focus on power plants located in the central and eastern part of the country for which the most data were available. The power plants contribute to 11% of the total electricity production for the entire US and 10% in Europe. Both fossil-fuelled and nuclear power plants with different cooling systems (once-through, recirculation and combination cooling) were included (Supplementary Section S5). Assuming an average lifetime of thermoelectric power plants of 50-60 years 16 , more than 60% of the power plants in our data set will still be operating in 2030. Usable capacity of each thermoelectric power plant was quantified on the basis of calculated daily required water withdrawal, river flow and water temperature simulations for the power plant site and environmental (water temperature and water withdrawal) limitations (see Supplementary Section S5). An evaluation of the impacts of biases in water temperature and river flow simulations on the usable capacity of power plants showed that the strength in climate signal is on average a factor of three higher when compared with the effects of biases (see Supplementary Section S5).
For 76% of the power plants with once-through or combination cooling systems (n = 37) and 41% of the power plants with recirculation systems (n = 59), electricity production potential will large rivers (Mississippi and Vienne (Loire)) and are illustrative by showing impacts on usable capacity that are close to the overall average impacts for power plants with once-through and recirculation cooling systems in these regions. For recirculation (tower) cooling systems, the decrease in usable capacity during summer is much lower, but non-negligible (on average 6.3-8.0% for power plants in Europe and 4.4-5.9% in the US). Although power plants with recirculation systems have relatively low water demand, a part of the water withdrawn is also discharged back to the river and affects river water temperatures. Therefore, both limitations in water availability and exceeded water temperature limits can reduce the usable capacity, but the mean number of days per year with production limitations is lower when compared with power plants with once-through systems (Table 1) . However, similar factors of increases in the probability of large capacity reductions are found for power plants with once-through and recirculation cooling systems. The probability of capacity reductions >50% will increase by a factor of 1.4 for the 2040s. Capacity reductions of >90% are projected to increase by a factor of 2.8. However, these probability values are low and are more LETTERS sensitive to uncertainties in the modelling framework than the probability values for moderate capacity reductions. Overall, the results present a higher increase in the occurrence of extreme reductions (>90%) in thermoelectric power production than in the occurrence of moderate reductions (10-25%), showing a nonlinearity of the system. We studied the impact of climate change on thermoelectric power production in Europe and the US using river flow and water temperature projections that were produced on a continental scale and 0.5
• spatial resolution. Although the parameterizations of the hydrological and water temperature model are suited to this coarse spatial resolution resulting in a realistic representation of the observed conditions, our results do not reveal the vulnerability of any particular power plant. Under both the SRES A2 and B1 scenario 14 there will be substantial impacts of climate change on the usable capacity of power plants. However, the adaptive capacity of the energy sector will be much lower for the SRES A2 scenario, which considers a slow technological change with many fossil-fuelled power plants in need of cooling water, compared with B1, which assumes a much more rapid introduction of renewables 14 . The vulnerability of the thermoelectric power sector to climate change under the A2 scenario will therefore be higher when compared with the B1 scenario.
We conclude that climate change will impact thermoelectric power production in Europe and the US through a combination of increased water temperatures and reduced river flow, especially during summer. In particular, thermoelectric power plants in southern and southeastern Europe, and the southeastern US will be affected by climate change. Power plants with once-through cooling are most strongly impacted by future water temperature rises and reductions in summer flows, although also substantial decreases in usable capacity for power plants with recirculation (tower) cooling were found.
Owing to the smaller adaptive capacity of the thermoelectric sector for the SRES A2 scenario, the vulnerability to climate change will be substantially higher for the SRES A2 when compared with the B1 scenario. Although replacement of once-through by recirculation systems reduces freshwater withdrawal, water consumption increases (owing to evaporative losses) and could therefore contribute to higher water scarcity. Dry cooling systems or non-freshwater sources for cooling are possible alternatives but may be limited by locally available resources and have costs and performance disadvantages 3 . A switch to new gasfired power plants with higher efficiencies (∼58%) could also reduce the vulnerability because of smaller water demands when compared with coal-and nuclear-fuelled stations (with mean efficiencies of ∼46% and ∼34%; ref. 17) . Considering the projected decreases in cooling-water availability during summer in combination with the long design life of power plant infrastructure, adaptation options should be included in today's planning and strategies to meet the growing electricity demand in the twentyfirst century. In this respect, the electricity sector is on the receiving (impacts) as well as producing (emissions) side of the climate change equation.
Methods
We used a physically based modelling framework to simulate daily river flows and water temperatures for the US and Europe. This modelling framework consists of the variable infiltration capacity (VIC) macro-scale hydrological model 18 and the one-dimensional stream temperature river basin model (RBM) 19 , which was modified to apply for the whole European and North American region (Supplementary Section S1) .
The performance of the modelling framework was tested for the historical period 1971-2000. Observed daily series of river flow and water temperature for 1,267 river discharge stations and 240 water temperature monitoring stations were used to evaluate the quality of the simulations for Europe and North America (Supplementary Section S2 and Figs S2-S5 ).
The modelling framework was forced with bias-corrected output 13 from three GCMs (ECHAM5/MPIOM, CNRM-CM3 and IPSL-CM4) for both the SRES A2 and B1 emissions scenarios 14 for the control period 1971-2000 and future periods 2031-2060 (2040s) and 2071-2100 (2080s; Supplementary Section S3).
Daily water temperature projections were used to calculate the mean number of days per year that the 23 • C (Europe) and 27 • C (US) limits were exceeded for the control and future periods for both the SRES A2 and B1 scenario. These river water temperature limits reflect the start of potential reductions in production capacity rather than full production stops (reflected by maximum allowed river water temperature thresholds). Selection of these water temperature limits is discussed in Supplementary Section S4. In combination with areas for which a large decrease in low flows (>25%) is expected, we identified regions in Europe and the US where cooling-water problems are expected to increase.
In addition, we calculated the effects on the usable capacity of 35 existing thermoelectric power plants in Europe and 61 in the US using the daily water temperature and river flow projections for the 2040s. A distinction was made between power plants using recirculation systems with cooling tower(s), once-through systems and combination cooling systems (once-through with supplementary tower). Data of the National Energy Technology Laboratory Coal Power Plant Database 20 were used for thermoelectric power plants in the US. For power plants in Europe we used data of the selected nuclear power stations extracted from the power plant database at the Institute of Energy and Climate Research-Systems Analyses and Technology Evaluation of the Forschunszentrum in Jülich (Germany) in combination with published data of fossil-fuelled power plants 21 . The equations used to calculate the required water withdrawal and usable capacity of the power plants are modified from refs 7,22 and are described in Supplementary Section S5, along with the criteria that were used to select the thermoelectric power plants.
